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Abstract This paper reports that an experimental study is conducted to examine the dynamics of
the outﬂow in two-layer exchange ﬂows in a channel connecting between two water bodies with a small
density diﬀerence. The experiments reveal the generation of Kelvin-Helmholtz (KH) instabilities
within the hydraulically sub-critical ﬂow region of the channel. During maximal exchange, those
KH instabilities develops into large-amplitude KH waves as they escape the channel exit into the
reservoir. The propagation speed of those waves, their generation frequency and their amplitudes are
studied. The dynamics of the outﬂow and these waves are directly linked to the hydraulic conditions
of the exchange ﬂow within the channel. c© 2011 The Chinese Society of Theoretical and Applied
Mechanics. [doi:10.1063/2.1106203]
Keywords exchange ﬂows, Kelvin-Helmholtz instabilities, reservoirs and channel, shear waves
Exchange of ﬂows in a channel connecting two wa-
ter bodies with a small density diﬀerence can be found
in many natural settings; e.g. the exchange of Mediter-
ranean Sea water with Atlantic Ocean water through
the Strait of Gibraltar1 and the summertime exchange
of warmer heavily polluted Hamilton Harbor water
with cooler Lake Ontario water through the Burling-
ton ship canal.2 While there are ample literatures on
the hydraulics of exchange ﬂows through topographic
constrictions,3–5 little research has been published on
the mechanisms of the outﬂow exiting the channel and
its eﬀect on the hydraulics of the ﬂow. Examples of
studies on the latter topic include the exchange and
circulation of a uniform basin separated from a large
reservoir by a smooth sill,6,7 and the exchange between
Little Sodus Bay and Lake Ontario.8,9
At the interface between the two layers, shear gen-
erated instabilities have been widely reported. Pawlak
and Armi10,11 observed Kelvin-Helmholtz (KH) insta-
bilities in hydraulically controlled wedge ﬂows down an
incline. In their laboratory experiments of two-layer ex-
change ﬂows over bottom sill, Zhu and Lawrence12 ob-
served Holmboe instabilities upstream of the sill where
the ﬂow was sub-critical. Generation mechanisms of
internal solitary waves in the immediate vicinity of the
sill crest at Knight Inlet were reported.13–15 The KH in-
stabilities in two-layer exchange ﬂows over bottom sill
within the supercritical ﬂow reach were observed.16–18
Nash and Moum19 observed plume-generated large-
amplitude internal waves due to the discharge of the
Columbia River into the Paciﬁc Ocean. Cummins
and Armi20 studied the time-dependant responses of
a tidally modulated stratiﬁed sill ﬂow at Knight Inlet
and reported on the formation of upstream undulate
bore which transformed into internal jump when the
a)Corresponding author. Email: hfouli@ksu.edu.sa.
ﬂow was supercritical.
Some key questions in these ﬂows are: what is the
dynamics of the outﬂow leaving the channel into the
reservoir and whether the exchange is controlled by in-
ternal processes in the reservoir or is channel-based. In-
terfacial mixing in the outﬂow has its implications on
water quality; yet it has not been well studied. Un-
derstanding how such systems interact has a crucial en-
vironmental and ecological impact on the aquatic sys-
tems, and can help us improve our management and
maintenance of the diﬀerent environmental resources.
The present laboratory study contributes towards the
understanding of these processes.
Two-layer exchange ﬂow over a smooth sill in a rect-
angular channel was modeled in the laboratory (Fig. 1).
The sill had the shape: h(x) = hm cos
2(πx/Ls), with its
maximum height at the crest hm = 10 cm, and its total
length Ls = 50 cm; x is the horizontal distance mea-
sured from the crest. The crest is at about 84.5 cm
from the left-hand side of the left reservoir. The axes
are deﬁned such that the crest is at x = 0, the positive
x-axis and z-axis are shown in Fig. 1 and the positive
y-axis points into the reservoir. The channel exit is at
x = 37.5 cm. The tank was ﬁrst ﬁlled with fresh wa-
ter to a total depth, H, of 30 cm. A vertical barrier
was placed to the left of the sill at its toe to divide the
tank into two reservoirs. The NaCl salt was then added
into the left reservoir to create small density diﬀerence
between the waters of the two reservoirs.
Fluorescein dye was well mixed with the salt wa-
ter in the left reservoir, to allow visualizing the lower
layer. Three experiments, namely Exps. 1, 2, and 3
were conducted at g′ = 1.62, 3.23, and 6.47 cm/s2, re-
spectively; g′ = g(ρ2 − ρ1)/ρ2 is the reduced gravity, ρ1
and ρ2 are the densities of the upper and lower layer
respectively. The Exp. 1 was repeated to obtain the vi-
sualization of the ﬁeld of view (A-A) along the central
plane of the channel and (B-B) at 10 cm oﬀset from
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Fig. 1. Schematic diagram of the experimental setup. All
dimensions are in centimeters.
the left wall of the salt water reservoir. The Exps. 2
and 3 focused only on the interfacial ﬂuctuations within
view (A-A). For measuring the velocity ﬁelds, particle
image velocimetry (PIV) was used. Silver-coated spher-
ical glass particles, with a mean diameter of 15 μm and
a speciﬁc gravity of 1.65 were seeded in both reservoirs
and well mixed with the fresh water prior to placing the
barrier and dissolving the salt into the left reservoir. A
laser sheet produced through a 5 W argon-ion laser il-
luminated the ﬁelds of view. Two CCD cameras were
used for the PIV measurements and a video camera was
used for recording the density ﬁelds.
An algorithm based on the diﬀering gray scale val-
ues of the upper and lower layers was used to estimate
the density interface positions. More details on the mea-
surement techniques and the density interface detection
can be found in Ref. 21. The instantaneous velocity ﬁeld
measurements allowed computing the composite Froude
number, G, which describes the criticality of two-layer
ﬂows and is deﬁned as
G2 = F 21 + F
2
2 , (1)
where F is the densimetric Froude number (F 2i =
U2i /(g
′zi)) with Ui = qi/zi being the layer horizontal
velocity, in which q is the ﬂow rate per unit width and
zi is the layer depth.
The time series of the density interface position de-
termined described previously were used to develop the
wave characteristics plot shown in Fig. 2. From Fig. 2,
it is clear that two sets of waves are generated around
the sill crest then propagate in two diﬀerent directions.
The generation mechanisms and frequency of the waves
traveling downstream (to the right) of the sill crest were
discussed by Fouli and Zhu.18 The upstream propagat-
ing waves within the channel are generated at higher
frequency and smaller amplitudes than those propagat-
Fig. 2. The wave characteristics plot for Exp.1. The color
bar reﬂects the diﬀerence in cm between the instantaneous
and the 2-minute mean interface position. Signatures of fre-
quent large-scale KH instabilities are obvious in the outﬂow
outside the channel.
ing downstream. Some of these waves are generated
upslope of the topography (x ∼= 20 cm), and then fade
out as they approach the exit, while others escape the
exit then grow remarkably bigger. A regular set of large-
amplitude KH instabilities can be observed in the out-
ﬂow upstream to the channel exit.
To assess the ﬂow evolution, we traced the inter-
facial ﬂuctuations at the sill crest and the channel left
exit, being the two viable hydraulic control locations.18
Figure 3 shows sample time series of the interfacial
waves at the channel exit in Exp.1. An initial un-
steady interface lasted for about 25 s, followed by a
quasi-steady interface that corresponded to the maxi-
mal exchange regime until 190 s. Signatures of small-
amplitude KH instabilities with maximum amplitude of
about 2 cm are seen during the maximal exchange. A
clear dip down of the interface indicated by the right ar-
row in Fig. 3 was then observed. The dip down marks
the loss of the exit control and the start of the sub-
maximal regime.
The instantaneous velocity ﬁelds within view (A-A)
were obtained in Exp. 1 and the horizontal velocity, u,
was integrated across depth in each layer, to obtain the
ﬂow rate per unit width, q, at any location. The com-
posite Froude number, G, averaged over the maximal
exchange period was then calculated at sample loca-
tions within the channel according to Eq. (1). The G
was ∼= 1 at the sill crest and channel left exit, whereas it
dropped to smaller values within the channel, this fact
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Fig. 3. Reconstructed image of the interfacial ﬂuctuations
at the channel exit in Exp. 1. The arrows mark the start
and end of the maximal exchange.
Fig. 4. Sequence of zoomed-in images at 40 s into Exps. 1
and 2 s apart showing the development of the KH waves in
the outﬂow during the maximal exchange. The arrows trace
individual waves.
conﬁrms that the ﬂow is internally sub-critical upstream
to the sill crest.
It is noticeable that the accelerating ﬂow ﬁeld dur-
ing the maximal exchange washes out any interfacial
mixing. The loss of the exit control allows a mixing
layer to start developing within the channel. Similar
images of the interfacial ﬂuctuations at the sill crest in-
dicate a time lag in the establishment and loss of the
hydraulic control at the sill as compared to the channel
exit. The thickness of the mixing layer during the sub-
maximal regime became larger as g′ increased in Exps.
2 and 3.
Figure 4 shows a zoomed-in view for the evolution
of sample large-amplitude KH instabilities that formed
in the outﬂow past the channel exit.
The maximum amplitude of the KH waves reached
approximately 7 cm and pairing of successive waves was
observed particularly when the leading KH wave ap-
proaches the left wall of the tank.
During the sub-maximal regime, the ﬂow in the left
reservoir is weakened enough for some KH instabilities
Fig. 5. Series of images from Exp. 1 showing the erosion
of the interface due to counter ﬂowing KH instability that
bounced at the reservoir wall. The images (from top to
bottom) are 117, 128, and 142 s in the experiment.
in the outﬂow to reﬂect at the wall and bounce back
counter ﬂowing later outgoing KH instabilities (Fig. 5).
The reﬂected instabilities caused erosion of the inter-
face that propagated towards the channel as seen in the
images of Fig. 5.
To examine the dynamics of the outﬂow in the reser-
voir, instantaneous images of view (B-B) were analyzed
and the density interface was detected in the same way
previously described. Figure 6 shows sample images at
diﬀerent times in Exp. 1. The fresh water spread into
the left tank and caused interfacial mixing that occu-
pied the upper layer depth within the reservoir. Dur-
ing maximal exchange, big blobs of fresh water, at a
frequency of about 25 s as observed visually from the
video stream of the experiment, emerged from the chan-
nel into the reservoir. These outﬂow blob events caused
remarkable drawdown of the interface along the channel
exit as shown in the top right part of images (a), (c). In
between two events, various three-dimensional interfa-
cial waves were generated and caused mixing that ﬁlled
the upper layer depth (image (b)). Interfacial KH in-
stabilities were generated and moved into the reservoir.
The period of 25 s matches with that of the large-scale
downslope breaking KH waves reported in Fouli and
Zhu18 due to the frequent pilling and release of the in-
terface at the sill crest.
During sub-maximal exchange (images (e), (f)), the
interfacial KH instabilities almost vanished and the for-
mation of an intermediate wedge-like layer at medium
density overlaying the lower layer was observed (image
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Fig. 6. Selective images at 142, 150, 166, 171, 371 and
471 s in Exp. 1 (B-B view) arranged from top to bottom.
Images (a)-(d) are during maximal exchange, while (e), (f)
are within sub-maximal exchange.
(e)). The region of the outﬂow from the channel; i.e.
y < 10 cm, has relatively sharp interface, since the
mixed ﬂuid was continuously ﬂushed away by the fresh
water inﬂow. The wave activities perished and the in-
tensity of mixing decayed subsequently (image (f)).
The speed of propagation of the outﬂow KH waves
along the channel was estimated from the wave charac-
teristics plots of the diﬀerent experiments and was found
to be directly proportional to
√
g′. Typical propagation
speeds were 2.4 ± 0.5 cm/s for g′ = 1.62 cm/s2. The
shear layer Reynolds number, Re(= δ ·ΔU/ν, where δ
is the shear layer thickness, ΔU is the velocity shear be-
tween the upper and lower layer and ν is the kinematic
viscosity), was calculated at the sill crest in Exps. 1, 2,
and 3 and was found to be ∼= 1 000, 1 600, and 2 100
respectively. The time series of the density interface
position at x = 55 cm (this location is about where
KH instabilities in the outﬂow are developed into large-
amplitude waves) was analyzed in the frequency domain
by using fast fourier transform (FFT), to examine the
frequency, f , of the outﬂow generated waves. Frequen-
cies of 5.1, 3 and 2.9 s were measured in Exps. 1, 2 and
3 respectively, which indicate that the generation fre-
quencies of these waves increase with g′, although not
in constant proportion.
An estimate for the wavelength, λ, of the outﬂow
KH waves can be obtained through an appropriate ve-
locity scale and the frequency (λ = U/f). The inter-
facial wave speeds obtained from the wave character-
istics plot and the frequencies obtained through FFT
were used to estimate λ. Based on the average speed
of 2.4 cm/s and frequency of 5.1 s, the λ was estimated
to be approximately 12 cm in Exp. 1. This estimate
is in fairly close agreement with the measured wave-
length at any speciﬁc time from the wave characteristics
plot. Measured wavelengths varied between 10 and 15
cm within the steady maximal regime.
The upper and lower density interfaces, which
would envelope the outﬂow KH waves were detected
at all times and their diﬀerences were used to obtain a
measure of the wave amplitude. Time-averaged ampli-
tudes over the maximal exchange period were approxi-
mately 2.5 cm at x = 60 cm in all experiments. Instan-
taneous maximum wave amplitudes, however, measured
approximately 7 cm between x = 55 cm and 70 cm in
all experiments.
A wave characteristic plot similar to that in Fig. 2
was constructed by using the interface position data
of the lower layer for view B-B. For the interfacial
waves propagating into the reservoir at g′ = 1.62 cm/s2,
speeds of 1.5-3 cm/s were measured at y = 50 cm during
maximal exchange. Spectral analyses of the interface
data at diﬀerent y-locations indicated the existence of
a long wave with a period of about 60 s, which matches
with the internal basin seiche reported in Ref. 18.
The results of a laboratory study on the dynamics of
the outﬂow from a channel, which connects between two
reservoirs at slightly diﬀerent densities, have been pre-
sented. The channel had a bottom sill, which resulted
in the establishment of an internal hydraulic control at
its crest; in addition to another control which is formed
at the channel exit. The exchange ﬂow within the chan-
nel was maximal when both controls existed during the
early stage of the experiments. Once the exit control
was lost, the exchange ﬂow became sub-maximal.
The experiments revealed that during maximal ex-
change the outﬂow was characterized by interfacial KH
instabilities, which were generated within the channel
and developed into large-amplitude KH waves as they
escaped the exit. Interfacial mixing due to the break-
ing of these waves was intermittent and got continuously
ﬂushed by the accelerating ﬂow ﬁeld within the channel.
During sub-maximal exchange, subtle wave activities
occurred at the interface and the development of an in-
termediate mixing layer was observed, which propagates
into the channel with time. The generation frequencies
of the large-amplitude KH waves in the outﬂow during
maximal exchange did not seem to have explicit rela-
tion with the reduced gravity g′, although the higher g′
was, the more frequent the waves were generated. The
amplitude of those waves did not seem to change signif-
icantly as the shear layer Reynolds number at the sill
crest increased from about 1 000 to 2 100 in the diﬀer-
ent experiments. The speed of propagation of the KH
waves was obtained from wave characteristics plots and
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was found to be proportional with the square root of g′.
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